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Abstract

This report describes research on

a) optically pumped NH3 and PH3 with particular at-
tention given to the 12.08 and 11.46 um lines,
]
b) four-wave four-level nonlin@@ molecular systems,

and,

c) laser line assignments in the important far IR

CH3OH laser.




e INTRODUCTION

The basic objective of this contract is exploratory re-
search on technical and engineering problems in the far IR ;
that will be important in developing the area for future
relevant needs.

Specific problems described in this annual report are

1) optical pumping of NH3 and PH3, 2) four-wave four-level
nonlinear interactions, and 3) laser line assignments in CH3OH.

The spherical top molecules NH3 and PH3 are important in
that they uield wavelengths of interest, yield high power, ef-
ficient laser lines, lasing transitions are both V-R and R-R,
and interesting nonlinear effects can be realized with single

and multiple CO, pumps.

2

Studies on the 12.08 and 11.46 um of NH optically ex-

37
cited in a capillary tube geometry, are described in detail.
The 11.46 um line strongly suggests Raman behavior since the
emission occurs in the absence of a population inversion. The
12.08 has interesting superfluorescent behavior.

Optical pumping of far IR molecular lasers for the past

seven years has essentially been confined to a single CO2

pump and a two-wave three-level system. Moreover, only the

linear behavior of the system has been considered. i
In the latter half of this contract period, an analytical
and experimental study of a four-wave four-level system has A

been initiated which will include linear, Raman and parametric




effects. The density matrix has been used for the analysis

with both analytical and numerical computer solutions of the

equations obtained. Four levels in NH 5 have been identified

that will closely match three CO, laser pump lines. Hence a

2
well-known system is available for experimental study.

Four-level systems will permit frequency conversion, both
up and down, plus frequency tunability. The nonlinear effects
might also be used as a diagnostic tool for molecular gases. i

Methanol (CH3OH) is at the present time the most impor-
tant far IR molecule in that, along with its deuterated vari-
ties, it accounts for some 25% of all known optically pumped
molecular laser far IR laser lines. However, until December
1976, none of the laser lines has been assigned.

A CH,OH laser system had been developed on this contract

3

for use in far IR integrated optics studies. Hence a direct

interest existed to understand this CH3OH system.

The assignment of 13 important CH3OH lines is presented
in this report along with reference to a detailed paper that
has been accepted for publication. Molecules, with internal
rotation, are excellent candidates for optically pumped far

IR systems.




2. TECHNICAL ACCOMPLISHMENTS

2.1 Laser Line Assignments in CH39§ - E. J. Danielewicz

and P. D. Coleman

2.11 Introduction

Methanol (CH3OH), along with its deuterated
varieties, accounts for 25% of all known optically pumped mole-
cular laser far IR laser lines.l However, none of these laser
lines had been assigned, prior to December 1976, when Daniele-
wicz and Coleman2 from the University of Illinois and J. O.
Henningsen3 from Denmark presented papers at the San Juan Sub-
millimeter Conference on the assignments.

The assignment problem in CH3OH is the lack of sufficient
spectroscopic data and the fact the spectrum is complicated by
hindred internal rotation of the OH group.

To a first approximation, the energy Ev of a ground elec-

tronic state level can be expressed as

ext rot int rot

E_= G(v) + EV(JK) + EV(nIK)

v (1)

i.e., as a sum of vibrational, external and internal rotational
energy.

Hence it requires five quantum numbers (v,J,K,n,1) to
identify a level in the simplest case. If asymmetry and A-state
splitting is considered, the problem is more complicated.

Fortunately D. R. WOods4 did a Ph.D. thesis on the high

resolution IR spectra of methanol in the 400-1300 cm_l region




w

in 1970 from which one can get sufficient data to at least

assign a number of the important CH,OH laser lince.

3

Assignment on 13 laser lines has been made, a paper given

in December 1976 at San Juan, and a paper accepted for publi-

cation in IEEE Journal of Quantum Electronics for June 1977.

2.12 summary of Assignment Technigue

The pump absorption and far IR laser lines fol-

low the general pattern shown in Figure 1. A particular CO2

laser line is absorbed on an Ra transition from 0 - Vg Lasing

¥ Rob and QOb transitions 1in Vg with

possible additional cascading like R51 or v = 0 er transitions.

< <

typically occurs on ROa

Figure 2 displays an absorption curve of CH3OH taken at

-50°C to display only n = 0 transitions along with selected

CO, lines that are absorbed. Comparing the data will permit

2

J to be evaluated.

An Ra(J—l) transition is given by

e _ oo 3 ,
v, = 2BJ - 2D . JK 4D 13 (2)

while an Rb(J-l) transition is given by

—1 — — - 3 -— 1 ’2 — — v Cws
b 2BJ + (2K-1) (A-B) 4DJJ 2DJKJI\ DJKJ(J L) (2K=1)
(31}

- D 14K = 6K® + 3K=1] + AF  (niK)

2

and a Qb(J) by the formula
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Figure 1. A few of the possible FIR lasing transitions in

CH3OH pumped with a CO2 laser.
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B

8

v, = (2K-1) (A=B) = D, J(3+1) (2K-1) - DK[4K3 2 6K? + 4R-1]

b
(4)

+ AF (n1tK)
Y2

woods gives a table of Ev (n K) from which one can deter-

2
mine AEv (ntK) . The constants were initially known with suf-

ficient iccuracy to make first assignments, using the criterion
of frequency matching, polarization of the signal (|| or | to
the CO2 pump) , cascade and competition effects and frequency
consistencies. One could also use transition probabilities

to advantage. After the first assignments, one could then in
turn use the accurate laser frequencies to make a least square

fit of the constants to obtain more accurate values.

The result of this effort was

B = 0.7999 cm - D = 3.8830%x10 >
£ (5)
A-B = 3.4124 By = 7.3823x10" "
Dy = 3.008x10"4

Figures 3 and 4 pictorially give the laser line assign-

ments of 13 CH3OH laser lines.

2.13 Conclusions

The present assignments should have impact on

the theory of the CH3OH laser. It should stimulate additional

Stark measurements on the molecule and double resonance studies.

CH3OH serves as the simplest example of the decsirability of
molecules with internal rotation as laser candidates for the

tar IR.
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2.2 Nonlinear Interactions in Molecular Systems - P. D.

Coleman and W. Lee

3 2.21 Introduction

Optically pumped far IR molecular laser research
was initiated by the work of Chang and Bridgosl in 1990, - In

| all the papers since then the authors have reported the be-

havior of essentially a two-wave three-level system as shown

in Figure 1.

Figure 1. Two-wave three-level system.

The molecule has been pumped, via a CO, laser line, from

a ground state to a vibrational state where the far IR lasing

occurs on a pure rotational transition. Cascade rotational
transition may also occur. However, few vibrational-rotational

transitions have been seen and identified.




b o

T " o A

13
If a CO2 TEA laser is used as a punp, the pump field
strength E_ can become quite large so that the nonlinear

parameter wp

M E
{“EE_B] = w (1)

where Hy3 is the matrix element and AVBl the linewidth of the
transition, can become much greater than one, and nonlinear
effects should appear. However, these effects have not been
reported.

The use of a single pump for a molecular system limits
the number of molecular energy levels that can be accessed
and the effects (linear-nonlinear) that can be realized. Also,
a tunable laser source will not be achieved via cascading
R-R transitions, since the R-R spacing are about equal.

Considerations of this kind have suggested that multiple
laser pump systems should be studied with respect to linear,
nonlinear and parametric effects. Four-wave four-level sys-

4

tems have been experimentally studiedz_ but a detailed ana-

lysis of these systems has not appeared.

In the following two sections an analytical and numerical
density matrix analysis of a four-level system is presented.
This system includes two-wave three-level and three-wave four-
level systems as special cases.

The analytical work is not entirely completed but the

difficult part of the problem (derivation of formulas, com-

puter coding, etc.) is complete and to the point of displaying




14
initial data and results.

An experimental problem, not reported here, critical to
synchronizing the pulses from 2 or 3 C02 TEA lasers has also
been solved by replacing the usual gas discharge switches in

these lasers by high voltage hydrogen thyratrons which have

far less jitter.

References

l. T. Y. Chang and T. Bridges, Opt. Commun., Vol. 1, 423-
425, April (1970).

2. P. P. sorokin, et al., Appl. Phys. Lett., 22, 342 (1972).

3. R. T. Hodgson, et al., Phys. Rev. Lett., 32, 373 (1973).

4. J. J. Wynne, et al., Proc. Laser Spect. Conference, (1973).
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2.22 Density Matrix Analysis of a Four-Wave Four-Level

System Which Includes a Three-Wave Four-~Level Sys-

tem and a Two-Wave Three-Level System as Special

Cases

4
——1 ——————— —
w w u M =0

{ 2 3 14 23

3 — — — — — — — — — — —
Hig = Hog = Mag ¥ Mgy =

, === — -

(Ll 104
1

Figure 1. Four-wave four-level system.

The general density matrix equations will be taken in the

form
By ¢ o om Ly [u' o ol (1)
Pnn T, ~ ib * nk“kn = “nk’kn
and
. s ) _ 1 _ ]
“am liii lsﬁnx1]‘x1nl i Prm” P nn’ Pam
(2)
1 v ' v
+ == ) i . p - p_.H
ih ¢ (hnk’km Pnkkm |
k#n,m

Applying these equations to the system of Figure 1, yields

the diagonal density matrix equations
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where p_©
nn

e
By 91y

P11 T

P

22 .

1

E e
Pa378as
1

e 3 e
P337P33

P33 T

1

R e
Pag™Paq

Paq T

1

) R ' _ -
36 | ParfyalByy T gy p13“’14}
1 ( ' '
Th ((P127P21(Hyp * (042'024)”24]

1 ]
2 e P Filyy H (943'034)“34]
ih k
C T T I L T
in | P247P42’"24 P347°43" %34

is the thermodynamic equilibrium value and the dot

notation represents a time derivation.

LEY

P13

P2y

P34

P14

.

P23

taini

The

+

In seeking a solution to these equations, only terms con-

ng

off-diagonal matrix equations are

L _ ig

i, 21)P12
B

P
1o e

T, “az)Pa

o= A =
: 43|P34

1 . ig
; 8 41(°14

—l - 18 )
T *321%23

a resonant denominator will be retained. This will

= o !
= 1rlPgp=Py )l *

l 1
(P33 P H3

l ]
Th{Pag=Ppp)Hyy *

3l '
T5(Pga=P33)H3, *

1

] ]
= 1R [pg4H157Potoy *

Ih tP13¥a1~Ppitys t

l ! ) 1
TR [P32H]37P 1 4H04) (7)
LTINS SRS
in'P23"127P1472

1 - ;
ThiP14H217053H34]

i ' |
Th(P148317P 3580,
Piggtly =Py sy

Pa3ll347P 24"

16

|
|
|
|
|

(3)

(4)

(5)

(6)

t

(9)

1 (10)

LRk,

I t12)
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permit the following assumed solutions

e iwlt B %
P13 = le S| e p3l (13)
g iwzt %
P34 = A € o e = Pa3 (14)
- 1w3t *
Poyg A,€ (o B P4 (15)
im4t *
Py = Age + .. = Pyq (16)
with
i(w3+w4)t “
P1g = Dle H e = 041 a7y
i(w3—w2)t *
Byz = Bgs i = P3p LS
where
wytw, = wytw, or W3mw, = wyTw, (RG]
and the * notation means complex conjugate.
It is convenient to use the following defined terms
Rl =1 + 1T2(w1-931) (20)
R2 =1 + 1T2(m2—m43) (21)
R3 = 1 + 1T2(m3-u42) (22)
R, = 1 + 1’1‘2(m4—5321) 233
R5 =1 + iT2(m3+m4—.\£4l) (24)
B, = 1 % 1T, (0=t~} (25)

&

6 & 3

32




along with

o H1oE4 T R o e
28 2h (26)
o o PaataTy s
2h 2h
where the fields are taken as
B iw,t E -iw. t
5 it 1 1 1
L(wl) = 2—- e + ———2 e (27)
etc., and
1112 == Py E(ml) + L((uz) + E(m3) + E(nu4) (28)

etc.
Using these abbreviations and making a harmonic balance
(i.e., equating terms of like frequencies), the off-diagonal

equations are of the following form.

o *
iRjA, = - d(p33-pl; #C 0, = ab, (29)
Ay ;
iR A, = = C(p42-p33) = & Dy + bb, (30)
*
iRghy = = b(p42—p2;) = & By + b, (31)
o *
iRgA, = a(ng pry)|* b Dy - dD (32)
iRgD, = Xy = di, = ak; + b, (33)
* * * *
iR6D2 = = a Xl - b\2 NG \3 o dk4 (34)

where Pni represents the steady state (DC) population and the

dotted lines indicate the linear form of the equations if the
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nonlinear terms in Dl and D2 were neglected.

There are six complex unknowns (twelve real unknowns)
in Equations (29)-(34). Six more equations could be obtained
by * each of the equations to yield essentially twelve equa-
tions in twelve unknowns. Although the determinants contain
many zeros, it would be very tedious to solve these equations
analytically. Numerically they could be solved readily on a
computer.

However, it wculd be desirable to display an analytical
solution, if a good approximate solution could be readily
found. This can easily be done, if one uses the linear solu-
A

tions for A A and A, in the nonlinear Dl and D, terms

IR L il 4 2
given by Equations (33) and (34) and then substitute these

values for D, and D, back into Equations (29)-(32).

1 2

The good approximate solutions for Al, A A3, and X4 are

2!

then seen to be given by the expressions

2 ; ;2 2
a id o 9 e o o ia“d = =
1 + ———~]A ¥ ==(Pqa=Py7) t 5Py 4=Paz) = ==%5—(P55=07,)
R1R6 1 Rl 33 3Ll RlRZRS 44 33 RlR4R6 22 11

* *
) abc o o . abc 1
4 e =D )
44 "33 R R; R
RlRZRG 3 1
*
- ABPE L b e Y
R1R4R5 22 L1

with




finally

2
b
1+ -——1\
\ R,R) 4
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The first terms on the RHS of Eguations (35)-(38) re-

: i ! el 2 2 2 2 2
present linear terms. Terms containing a“d, b“c, ¢“d, b“a,cb,
a2b represent Raman terms, while the terms containing abc*,
abd*, a*cd, and b*cd are parametric terms.

The complex polarization at frequency w, is given by the

2

relation
o (39)
2 H43%2

which from Equation (36) will have the form

*
Vg® G e gty grgle
Pze = Eo(xe + mE3)E2e + sLlE3h4e (40)

where the z propagation factors have been inserted.

g contains Ez and s contains both

While e containes E2 1

3’

2 2 : ; : :
in their denominators, they are not functions of z 1if

A \2
b3 and L4
it is assumed these pumps are not depleted.

Notice the linear (also laser) and Raman terms have the
same propagation constants but the parametric term has a pos-

sible mismatch, i.e.,
*
By = %y H ¥ T ¥y T Vg E O (41)

The polarization given by Equation (40) is the driving

term in the separated Maxwell equation at frequency Wy




Let

E = —Egéil eY22 + e (431)
then
2y2 ig% + y§+w§uoeo(l+xe+mE§) E, = -mguosE;E3E4ezLY (44)
? The value of Yg is found from the equation
i
¥2 = —ojugeg Il + (x +VE3) ] (45)
while for the A8 = 0 match condition
E,(2) = - m z + E,(0) (46)

2Y2

Thus the terms ), W and s, along with the pump fields de-

termine the exponential and/or amplitude behavior of the sys-

tem.
Let
N I TR T 47
Xe m 3 i Xe " l,’(‘e ( )
and
Y2 = - (ot2 + 1k2) (48)
then
()
i —3 St
2(12 = v, Xe (49)

where v, is the phase velocity in the medium.
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Exponential gain will be obtained when Xe" is negative.

Assuming Ez(o) to be zero in Equation (46) , then

2
, 2 | (%l
By02) 12 = [220) &
If Ay # 0, one obtains
2
2 Wako) 2 >
|E2(z)| = [ 5 J EJE]

To complete the calculation

o)

o o
values for pll' Pogr 933, and p4

Equations (3)-(6).

2
7_| z (50)

2
]YS | |1-e287| (51)
2

of Az from Equation (36), the
o

4 Must be found by solving
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2.23 Numerical Analysis of Four-Wave [our-Level System

Applied to NH, - W. Lee

3

2140.7288 cm -

2\)2 3(5;3)
Q,, = 822.6534 e g
s 942.3833 2122} €O,
= 942.7942
0.4109 cm >
Yogil6 ,3)
2
1318.0754 cm -
s 1053.9235 P, (12)
v25(5,3) 1eha 222
"
1197.9346 0.7913 cm
w, = 932.9604 P, (32)
Q,, = 932.9914
B,y = =0.031 cm1 (1) Ga(5,3)

264.9432 cm

Figure 2. FPour-wave four-level UHB system pumped with three
CO, signals P. (12), P2(22) and B (32).

2 1

Cne possible four-wave four-level system that can be pumped

with two or three CO, laser signals is the NH, system shown in

2 3
Figure 2. The o1 frequency match with the Cﬂz line is good
but the “an and 1 frequency matches are rather far off reson-

ance. This will mean that a substantial resonant enhancement
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will not be realized. However, it is difficult to find any
system for study with only discrete CO2 laser lines available.

It was seen that an analytical solution of Equations (3)-
(12) were very tedious for the steady state case. However a
numerical steady state, harmonic balance solution using a CDC
Syber computer is relatively simple.

In this computer solution, the following numerical data

has been used.

E _ 1.075x10"8

Tl(sec) = Tz(sec) = Fltory) HWHM (1)
0 S = 9.u%x30 2 an = 0.13 debye
11 : 12 g Y
0.8 = 2. 98xig* H., = 0.15
22 : 24 .

e _ -4 _
P33 = 1.65%10 Hgs = 0.16

e _ -6 -
Psq = 2-86x10 yy = 0.14

The value of Ei has been related to the power density Pi

by the expression
2 2 2 2 .
Ei(volts/cm) = 2nPi ~ 754 Pi(watts/cm ) (2)

where the medium impedance n is taken as 377 ohms.

Figures 1, 2, and 3 are three representative computer

. o . 2 AR , 2
curves of x_ ., X, and the parametric term (m2u0/2) L1L3L4|5/,21
associated with the frequency Wy = 2nv2, versus the number of

for fixed values cf P

(

half widths off resonance ’1‘2 vz—y43), 3
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ool 0% = 2.93x107%

o1 = 1.238x10"%
p,5 = 2.95x107%

ng = 6.512x107°
pjg = 1, 65%10 >

B 1.65x10" 4

pyg = 2.86x107°

0,% = 1.070x10"2
Paq

POPULATION DIFFERENCES
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> P44
= ) = /
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p.
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“33
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©33
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Figure 1.

Linear plus Raman gain term -2a., at Wo e

0

0

0



+ 3><lOl2 VOLTSZ/METER4
FCR z = 1 METER
NHB
= 12
) : 2
3 (P,) yay = 3-79x107W/cm®
2 el 108w/cm?
P, = l0W/cm*
200 TORR
i 1 1 1
=30 =S 0 1615 30
'1‘2(v2—'y‘43 HALF WIDTHS OFF RESONANCE
Figure 2. Parametric term associated with u
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P4, Pl and the pressure P.

In spite of the pumps w4 and W, being rather far off
resonance, the linear plus Raman gains (as seen in Figure 1)

at W, reach a maximum value of 0.3 cm-l. The parametric power

generated at wy for a one meter path length reaches a value
2

of 3.79><lO5 W/cm® (as seen in Figure 2) for a value of P, as

1L

low as 10 w/cmz. Finally, as expected, Xe' goes through zero

where Xe" peaks (as seen from Figure 3) and attains a maximum

5

value of 5.55x10 ~ at 15 half widths off resonance.

Figures 4, 5, and 6 give a set of curves for lower pres-

sure (p = 20 torr) and different parameters P3, P4 and Pl. An
important point to be noted is that the peak gain at w, has
shifted from v2 > Y43 to v2 < Y43« i.e., the signal at w, has

been tuned.

In summary, a good approximate analytical solution to the
'four-wave four-level system has been obtained and an exact
computer code for numerical analysis devised and applied to

NH, with encouraging results.

3




30

o -2
Py3 = 2.93 10
-2
0,9 = 1.487 10
Py =P, = 106W/cm2 101
e _ -2
P, = 0.1w/cm’ p,5 = 2.95 10
-2
p = 20 TORR B35 = 1015 10
e _ -4
0,9 = 1.65 107
L 0.2 e -
e _ =
Byn = 2,86 10
e _ - -3
044 = 3.576 10

(x)
== .z __2_ <z
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5 ~e
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1 0.1 I

o Q
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=30 =15 0 15
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Figure 4. Linear plus Raman gain term -2w2 PE
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2.3 Optically Pumped NH3 and P“S—- E. Malk and E. Danielewicz

2.31 Introduction

Optical pumping of gaseous molecules has produced far

infrared (FIR) emission on many discrete lines.l A simpli-
fied block diagram of an optical pumping experiment is shown

in Figure 1.

LASER ———————— GAS —————— EMISSION

Figure 1. An optical pumping experiment.

To date, most optically pumped molecular laser experiments
have been accomplished using a C02 laser on one of 1ts 60 or
so lasing transitions. The development of higher power C02
TEA (Transverse Excitation Atmospheric) lasers has produced
multi-megawatt operation on many of its emission wavelengths.
The higher pump power allows for a more versatile experiment.
Consider the energy level diagram shown in Figure 2.
The laser frequency (vp) is "nearly resonant" with the transi-
tion frequency between levels 1 and 2. "Nearly resonant" de-

pends on the pump power. For high pump power the frequency
mismatch between the laser and the absorbing transition may
be larger. The pumping efficiency (power absorbed/power in- 1

cident) decreases, but population is transferred from level
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Figure 2. Typical energy level diagram for an optically pumped
molecular laser experiment.
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1 to level 2. Thus the TEA C02 laser because of its high
power is a versatile pump laser.

Once non-equilibrium population is obtained in level 2,
relaxation to equilibrium conditions begins. Optical and col-
lisional relaxation mechanisms dominate the return to equi-
librium. The optical relaxation is the desired result, and
collisional relaxation is a competing process. Assume that
the collisional relaxation rate is long compared to the opti-
cal rate. The attenuation at frequency Vij is described by

Equation (1)

C2 A.i (o
Gld, .} = ow wde I = 1§ Gy, ) (1)
s 8 2 3 G ik 1)
7 i
1]
Aji = Einstein coefficient of transition
G(vij) = Line shape factor
C = Speed of light
g3 ™ degeneracy factor.
From this equation it may be seen that the attenuation
g
can be negative (i.e., ai Ni x Nj). This represents gain
J

at Vij' the desired result. If the gain is larger than the
loss, emission is observed.

Thus gain at Vs and Veq is expected if the above con-

ditions are met. Following emission at v a similar con-

236

dition may result between levels 3 and 4. This type of emis-

sion 1s called cascade emission.
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Figure 3. Multiple V-R emission energy level diagram.
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Figure 4. Emission spectrum of energy level diagram shown in ]
Figure 3.
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For real molecular systems, the v transition is usually

1.2
a Vibration~Rotation (V-R) transition with Av = +1. The
other transitions shown are usually pure rotation (R-R) tran-
sitions. The collisional relaxation mechanism is rotational
relaxation and strongly dependent on gas pressure.

More recently emission frequencies have been obtained on
V-R transitions. The collisional relaxation mechanism in
this case, 1is vibrational (V-V) relaxation. V-V relaxation
is usually slower than rotational relaxation, thus the pumping
scheme shown in Figu;e 3 is possible. Entire vibrational
manifolds may be population inverted in this manner, producing
many emission lines near the same frequency. An emission
spectrum may appear similar to the diagram shown in Figure 4.
Collision broadening of the emission lines, should in princi-
ple, cause overlapping of the individual emission line gain
curves. Significant overlapping will then produce a continu-
ous emission profile through the emission spectrum. A fre-
quency tunable source is therefore obtained. This technique
has been used by Chang2 to obtain laser action in CO2 at 33

atmospheres of pressure.

2.32 Relevance
The utility of a tunable, coherent, narrow spectral line
source in science and engineering is well known. Tunable

signals are useful in evaluation of frequency characteristics
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of devices, 1in studying resonance behavior, in high resolution
spectroscopy, etc.

It is the purpose of this work to report progress in an
attempt to obtain a frequency tunable laser. The results
presented are only an intermediate step in the overall ob-
jective. The results do represent major steps toward obtaining
an optically pumped tunable laser.

The following paragraphs present the sequence of events
leading to and affecting the results presented. This demon-

strates the interest of others in our work.

2.32.1 Sequence of Events

: S Lo

An optically pumped tunable laser was proposed™ for study
in Contract AFOSR 76-2988. An experimental apparatus was con-
structed and the investigation began. Several molecules wer.
selected and experimentally tried, with negative results.
. . e L -
T. Y. Chang and J. D. McGee reported emission on a vibration-
rotation transition at 12.812 um optically pumped by CO,. EE
was decided to repeat the experiment of Chang, and verify
satisfactory operation of our experimental apparatus.

The Chang experiment was repeated successfully. The

r) . 5 .

Gullberg, et al. reference was consulted for additional pos-
sibilities. The possibilities were each tried. Infrared
emission was observed by using two of the possibilities. The

emission wavelengths were measured to be 12.08 ym (R(30) 9 um




pump) and 11.46 ym (R(14) 10 pm pump).

Interest in the 12.08 um line was very high because of
the wavelength. ERDA is looking for a 12.15 um laser for laser
isotope separation (LIS).6

Prompted by the near coincidence of the achieved and the
desired lines, a computer program to generate the transition
frequencies was written. The program positively identified

Vi the 11.46, 12.08, and 12.812 um transitions, with the correct

pumping wavelengths. It was noted that all three lines be-
have parametrically in the same manner, that is: gR(J,K) ab-

S

sorption followed by aP(J+2,K) emission. The possibilities
that were not observed did not fall into this scheme.

The gain of the 12.08 line appeared to be very large,
(i.e., oscillation not critically dependent on cavity align-
ment). It was decided to try a 2 mm bore capillary tube to
confine a high pump power density over a long path. The ex-
periment, with the aid of John Leap, was set up.

Superfluorescent emission was observed on the 12.08 um
transition. Superfluorescent emission was not observed on
either the 12.812 ym or 11.46 ym lines. The characteristics

of the 12.08 ym line were studied in the capillary tube, and

a paper was submitted to and accepted for publication in

4 Applied Physics Lettors.7
Peculiar behavior was observed for the 11.46 jym line.

Calculation of population differences with pump saturation did
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not result in a population inversion in the normal sense. The
output of the 11.46 ym line was very much dependent on the in-
put pulse shape. This is not typical of optically pumped
lasers.

The off-resonance behavior of the 11.46 ym line was
studied using an absorption technique. The results were
peculiar and not easily understood.

During this time, D. Kim and J. Leap obtained super-
fluorescent emission on the 12.812 ym line in a 3 mm capil-
lary tube. They also achieved higher output power on the
12.08 ym transition.

The inability to explain the 11.46 um results prompted
reinvestigation of the off-resonance behavior with greater con-
trol of experimental parameters. Further results indicated
that the power of the input greatly affected the output of the
11.46 uym line. Pump power fluctuations caused the averaging
techniques used to vary considerably from day to day. The
only definite conclusion reached was that the 11.46 pym signal
was off-resonance.

Some time later, we were contacted by S. M. Fry of Hughes
Research Laboratories regarding our work with the 12.08 um
line. He rcportcd8 to us that he had achieved multi-line
laser operation from the same transition, by pumping NH3 with
N2 as a buffer gas at pressures up to one atmosphere. Sub-

sequently, D. Kim used a similar technique in a capillary tube
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to generate many of the same lines observed by Fry. D. Kim9
also discovered a new line at 12.28 um by pumping with the

2
T. Y. Chang and J. D. McGee report "off-resonant infra-

P(32)lO CO, transition.

red laser action in NH3 and C2H4 without population inversion".
Our observed lines and D. Kim's 12.28 um lines are included
in his study. The results of his experiment concur with ours,

but we believe his explanation to be suspect.




2.33 Experimental Results

Superfluorescent emission at 12.079 ym has been observed
for the first time by pumping the sR(5,0) transition of the
14

Vs fundamental band of NH3 with the R(30) (9.217 ym) transi-

tion of a CO2 TEA laser. Over 2 kW of pulsed output power
was obtained in a single pass, using a mirrorless capillary
tube waveguide geometry. The laser transition has been iden-

tified as the sP(7,0) transition from the v, vibrational band

2
to the ground state. Another new line at 11.460 ;m was ob-
served with the R(14) (10.286 pym) line pumping the aR(1,1)
transition in the cavity configuration. The 11.460 ym line
has been identified as the aP(3,1) transition. In addition,
pumping the aR(6,0) transition with R(16) (9.294 um) line pro-
duces emission at 12.812 ym as previously observed by Chang
and McGee.4 The results of the experimental investigation are
summarized in Table I. Subsequent to the publication of these
results,7 Sre M Fry8 has reported obtaining 41 additional
transitions by pumping the sR(5,K) levels with R(30) (9.217
pm) co, line by pressure broadening the absorbing transition.
These emission lines are obtained in a cavity. K. J. Kim9
has obtained superfluorescent emission in a manner similar to
that of Fry, as well as some new transitions.

A detailed examination of the experimental data obtained

for the 12.079 ym and 11.460 uym transition follows the

description of the experimental apparatus.
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2.34 Experimental Configuration

The experimental configuration used in generation of the
infrared transitions of NH3 is shown in Figure 5.

The grating-tuned atmospheric-pressure CO, (TEA) laser

2
emitted up to 1.2 MW peak power on R(30) 9.217 pym transition
in a 160 nsec (FWHM) pulse. The laser was operated with a
10:1:50 mixture of C02:N2:He to obtain a pulse with a minimum
nitrogen tail. A CW CO2 gain cell was also used in the TEA
laser cavity to suppress the normal self-mode-locking of the
TEA laser and to force the laser to oscillate on a single
longitudinal mode near line center.ll The NH3 was contained
in a semi-confocal cavity with internal gold coated mirrors.
The input mirror had a 4m radius of curvature with a 2.0 mm
dia. coupling hole. The output mirror was a flat mirror with
a 0.5 mm hole mounted in a translatable stage for longitudinal
cavity tuning. The CO2 pump radiation was focused into this
cavity with a 0.53m focal length mirror. It was found that
the gain bandwidth of the lines was sufficiently high such
that cavity tuning was unnecessary. An external dielectric
mirror with 8.0% transmission at 12.079 ym and a KCl Brewster
window parallel to the pump polarization could then be sub-
stituted for the output mirror.

To increase the pump laser confinement, a 1 m long 2 mm

fore Pyrex capillary tube was substituted for the open reson-

ator cavity described above. A KCl Brewster window was used
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as the entrance window and another KCl window normal to the

tube was used at the output end. Aside from
flection from the output window there was no
feedback in the apparatus and the effects of
eration were minimal. Focusing the CO2 pump

density of ~ 26 Mw/cm2 inside the dielectric

the Fresnel re-
intentional

unwanted regen-
produced a power

guide.

The output of either configuration was analyzed with a

Heath 1/3 meter grating monochromator using the CO2 lines ob-

served in first order for accurate calibration.

Pressures were measured with a M.K.S. Baratron gauge with

range from 0-10 torr.
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Calculated Absorption (va) and Emission (ve)
Transition Frequencies of NH3. The offset of the
CO2 pump frequency (vp) from the absorption line
is Av = ¥, o The accuracy of the calculated
emission wavelengths is estimated as +.0005 pm.
CO2 PUMP R(30) R(14) R(16)
vp(CM—l) 1084.635 971.930 1075.988
NH3 ABS. TRANS. sR(5,0) aR(1,1) aR(6,0)
va(CM—l) 1084.628 971.881 1076.028
Av (GHz) =020 ~-1.47 5,210
NH3 EM. LINE sP(7,0) abP(3,1) arP(8,0)
vz(CM-l) 827.876 872.565 780.556
A (um) 12,0791 11.4605 12,8115

e
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2.35 The 12.08 uym Transition

The most important feature of the 12.08 uym transition
is its superfluorescent behavior. The data taken will reflect
this fact,

A partial energy level diagram is shown in Figure 6.
Shown in the figure are the FIR emission lines that have been
previously observed. The 12.08 um transition is also shown.
The dashed transition has not been observed. This line should
be observed as a cascade transition following emission at 12.08
pm. No detailed search was made to observe this 72.4 um line.
This cascading line may contribute significantly to the pres-
sure-pulse time behavior to be discussed later in greater de-
talil.

The frequency mismatch of the absorbing transition and
the CO, pump line may easily be calculated from the diagram.

2

The mismatch is =-0.2 GHz.l2 Experimentally measured values |

using infrared-microwave double resonance are not available
because the antisymmetric (7,0) ground state level does not

exist. This near resonance condition partially expla<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>